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INTRODUCTION

Continental shelves represent the transition zone
between the continents and the open ocean and are
very important sites in the biogeochemical cycling of
organic matter. In spite of their relatively small surface
(<10% of global oceanic area), primary productivity in
continental shelves accounts for ~25% of total oceanic
production (Wollast 2002). In addition to this high pri-
mary productivity, continental shelves receive large
amounts of terrestrial organic matter and nutrients,
mainly through rivers. More than 95% of the organic

carbon supplied to the shelves by primary production
and continental input is mineralized in the water col-
umn and sediments (de Haas et al. 2002). Shelf sedi-
ments, because of the shallow water column (<200 m
water depth), are rich in organic carbon and thus are
sites of intense organic matter mineralization and
nutrient recycling, playing a major role in the biogeo-
chemistry and ecology of these systems (e.g. Berelson
et al. 2003, Jahnke et al. 2005, Alongi et al. 2007).

The measurement of solute fluxes across the sedi-
ment-water interface can be used to quantify benthic
organic matter mineralization rates and to explore the
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role of the different oxidation pathways. The organic
matter that reaches the sediment is degraded to inor-
ganic constituents through a complex sequence of
fermentative and respiratory microbial processes that
use different terminal electron acceptors as oxidants.
Whereas aerobic respiration is the most effective oxi-
dation process and takes place in the uppermost oxic
sediment layer, oxygen can be rapidly consumed in the
first few millimeters of organic rich sediments (Revs-
bech et al. 1980) and, therefore, other terminal accep-
tors such as NO3

–, oxides of Mn and Fe, and SO4
2– are

subsequently used as oxidants (Canfield 1993). Sulfate
reduction is typically considered the dominant anaero-
bic pathway in coastal marine sediments and can
account for 10 to 90% of the total C oxidation (Jør-
gensen 1982, Canfield 1993). Once sulfate is depleted,
the organic matter is degraded through various fer-
mentative processes and methanogenesis to CH4 and
CO2. The biogenic benthic production of CH4, which is
a potent greenhouse gas and an important compound
of atmospheric chemical cycles, often represents a
small contribution to the C-cycle in coastal marine sed-
iments (e.g. Hopkinson et al. 1999, Alongi et al. 2005)
but may become significant for the global atmospheric
emissions in coastal environments (Bange 2006,
Barnes et al. 2006). However, the anaerobic oxidation
of CH4 by sulfate-reducing bacteria significantly limits
the flux of CH4 to the water column (Martens & Berner
1974, Valentine 2002).

The Gulf of Cádiz, given its geographical position
connecting the Mediterranean Sea and the Atlantic
Ocean through the Strait of Gibraltar, its extraordinary
commercial interest for fisheries, and the influence that
the Mediterranean outflow has on the large-scale
North Atlantic circulation has, in the last few decades,
attracted the attention of many physical and biological
oceanographers (e.g. Vargas et al. 2003, Lobo et al.
2004, Huertas et al. 2006, Navarro & Ruiz 2006,
Navarro et al. 2006, García-Lafuente & Ruiz 2007).
Specifically, coastal waters in the northeastern shelf of
the Gulf of Cádiz sustain the highest primary produc-
tivity of the basin and are tightly linked to meteorolog-
ical and hydrodynamical conditions, presenting a
strong seasonality (Vargas et al. 2003, Navarro & Ruiz
2006). However, no attempt has been made to date to
investigate the role of benthic biogeochemistry and to
quantify benthic mineralization processes in these
shelf sediments. Documented benthic flux measure-
ments in this region have only been performed in shal-
lower salt-marsh sediments of the inner Bay of Cádiz
(e.g. Forja et al. 2004, Ortega et al. 2008, Ferrón et al.
2009a). This work presents the results derived from in
situ benthic chamber incubations performed in the
northeastern shelf of the Gulf of Cádiz during 3 periods
of the year, corresponding to summer, autumn and

winter. Benthic fluxes of dissolved oxygen (FDO), total
alkalinity (FTA), inorganic carbon (FDIC) and methane
(FCH4) are reported and the total organic carbon miner-
alization rates were estimated and discussed.

MATERIALS AND METHODS

Study site. The study was performed on the north-
eastern shelf of the Gulf of Cádiz, which is located on
the southwestern coast of the Iberian Peninsula
(Fig. 1). The Gulf of Cádiz is a wide basin with a key
geographical location, as it is the place where the
North Atlantic Ocean and the Mediterranean Sea meet
through the Strait of Gibraltar. The basin is influenced
by the dense plume of Mediterranean water that
crosses the strait and by the freshwater inputs of sev-
eral rivers that drain into the gulf, such as Guadiana,
Guadalquivir, Tinto and Odiel. The Guadalquivir River
is the main fluvial source draining into the Gulf of
Cádiz margin, with a mean annual water discharge of
160 m3 s–1 (Van Geen et al. 1997). The circulation in the
northeastern shelf of the Gulf of Cádiz is mainly con-
trolled by the North Atlantic Surface Water (NASW),
which flows towards the east and southeast to the
Strait of Gibraltar, as well as by an intermittent counter
current system, which seems to be strongly linked to
the wind regime (Lobo et al. 2004). In particular,
coastal waters near the mouth of the Guadalquivir
River and the Bay of Cádiz present the highest primary
production within the Gulf of Cádiz (Navarro & Ruiz
2006). Moreover, this region displays the greatest
range of temperature variation throughout the year,
being characterized by warmer and colder waters than
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Fig. 1. Near-shore northeastern shelf of the Gulf of Cádiz show-
ing the sampling stations and the location of the rivers and the
Bay of Cádiz. Isolines represent the bathymetry in meters
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the rest of the basin during summer and winter,
respectively (Vargas et al. 2003, Navarro & Ruiz 2006).
Phytoplankton distribution in this sector of the gulf is
tightly coupled to meteorological and hydrodynamic
conditions (Navarro & Ruiz 2006). For example, the
predominance of western winds is always linked to the
generation of upwelling events and therefore to an
increase in primary production, whereas easterlies
lead to a decrease in phytoplankton (Navarro & Ruiz
2006). Furthermore, the alternation of mixing and
stratification periods in the region affects the position
of the nutricline and thus also regulates the primary
production (Navarro et al. 2006).

The data reported in this work were collected during
three 12-d cruises on board the RV ‘Mytilus’ covering 3
seasonal periods: June 2006, November 2006 and Feb-
ruary 2007. Nine sampling stations were selected for
the study of benthic fluxes in 2 different field areas: one
in the Bay of Cádiz and its neighboring outer region
(BC1–BC5) and the other off the mouth of the
Guadalquivir River (GL1–GL4) (Fig. 1). GL stations
were located on the Guadalquivir submarine prodelta,
which is characterized by a high fluvial supply and a
moderate hydrodynamic regime (Lobo et al. 2004),
whereas BC stations were located in a more energetic
area affected by the tidal currents between the Bay of
Cádiz and the outer shelf. Sediments in the study site
are mainly siliciclastic with 25% of bioclastic carbon-
ates, predominantly calcite (Gutiérrez-Mas et al. 2003).

At each station, vertical profiles of temperature,
salinity and dissolved oxygen (DO) were obtained at
the beginning of each chamber incubation, with a
Seabird CTD probe coupled with a Seabird 43. Surface
and bottom water samples were obtained for analyses
of dissolved methane.

In situ benthic flux measurements. In situ benthic
flux chamber incubations were performed using a
stirred benthic chamber (Ferrón et al. 2008). The incu-
bations were performed during the day and lasted
around 8 h. The cylindrical opaque PVC chamber
(0.8 m inner diameter, 0.28 m height) covered 0.50 m2 of
sea-bottom and ~140 l of overlying water. The chamber
was slowly lowered to the bottom from the ship with a
crane. An 8 cm rim assured proper insertion of the
chamber into the sediment. The contact of 3 mechanical
devices, equipped with reed switches, served to verify
proper landing of the chamber on the sea-bottom. The
same procedure was applied to confirm the closure of 3
lids, which remained open during the landing process
and were electronically closed when the chamber was
placed on the bottom. Water inside the chamber was
stirred by means of 3 external submersible centrifugal
pumps, to avoid stratification and simulate natural con-
ditions. Current velocity inside the chamber could be
controlled by regulating the output voltage applied to

the pumps. Inside the chamber, sensors for temperature
(SBE-39), pH (SBE-18), oxygen (SBE-43) and turbidity
(Seapoint Turbidity Meter) provided continuous re-
cording of these variables during the incubations. A 2-
way radio communication system (SATELLINE-3AS,
SATEL) was used for data acquisition and monitoring of
the incubation in real time.

Discrete 50 ml samples were collected at pre-set
time intervals by means of a multiple water sampler
provided with 12 syringes. Water samples were filtered
(0.45 µm) on board for the analysis of pH and alkalin-
ity. Samples for methane analysis were, immediately
after chamber recovering, carefully drawn into 25 ml
air-tight glass bottles, preserved with saturated mer-
curic chloride and sealed with Apiezon® grease, and
stored in the dark until analysis in the laboratory.

Sediment analysis and suspended particulate mat-
ter. The surface sediment at the different stations was
sampled using a box-corer (15 cm × 10 cm), and the top
cm was analyzed for total C and N composition and
organic C content. Total C and N were measured in
dried sediment using a CHNS-932-LECO elemental
analyzer after Cr2O3 and AgCo3O4 catalyzed oxidation
and segregation on a Haysep-Q-column. The organic
C content in surface sediments was determined by
chemical oxidation (Gaudette et al. 1974, El Rayis
1985) with a standard deviation of ±0.25%.

In addition, surface sediment samples were taken
with a Van Veen drag to measure grain size distribu-
tion, which was determined by sieving and the fraction
<63 µm by means of a laser diffraction analyzer.
Analysis of grain size statistics was carried out using
the software GRADISTAT (Blott & Pye 2001).

Water sample analytical methods. Alkalinity and pH
were analyzed in duplicate 10 ml samples by potentio-
metric titration using a Metrohm 794 analyzer with
glass combination electrodes (Metrohm, ref. 6.0210.
100). The titration was done with 0.1 M HCl in 0.7 M
NaCl. The total alkalinity was computed from the sec-
ond point of inflection by means of the Gran functions,
taking into account the corrections for sulfate (Dickson
1990). For the dissociation of dissolved inorganic car-
bon (DIC), we used the acidity constants (K1 and K2)
proposed by Lueker et al. (2000) in the total pH scale.
The method was validated with reference standards
provided by Dr. A. Dickson (Scripps Institution of
Oceanography, San Diego, CA, USA). The accuracy of
the initial measurement of the sample pH was ±0.003,
and of the total alkinity (TA) ±3 µM. The repeatability
of alkalinity determinations based on the standard
deviation of 7 replicates was 0.2%.

Dissolved CH4 concentrations were determined with
a gas chromatograph (Varian CX 3600). In-syringe
head space equilibration was used to extract the dis-
solved gases from the water samples. The temperature
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of equilibration (±0.1°C) was registered by a ther-
mometer (P500 Dostman electronic). Helium was used
as the carrier gas (30 ml min–1), and gases were sepa-
rated in a 4.5 m × 1/8-inch stainless steel column
packed with 80/100 Porapack N and a 1.5 m × 1/8-inch
Molecular Sieve 5A column. CH4 was measured with a
flame ionization detector operated at 300°C. The
detector was calibrated using 3 standard gas mixtures
that were made and certified by Air Liquide (France),
with certified CH4 concentrations of 0.489, 1.07 and
2.53 ppmv. The precision of the method, including the
equilibration step, expressed as the coefficient of vari-
ation based on replicate analysis (n = 25) of a seawater
sample saturated with CH4, was 4.8%. The concentra-
tions of the gases in the water samples were calculated
from the concentrations measured in the head space
using the functions for the Bunsen solubilities given by
Wiesenburg & Guinasso (1979).

Flux calculation. Fluxes across the sediment-water
interface were calculated as the product of the cham-
ber height and the slope of the linear regression of the
concentration time series. Errors in benthic fluxes were
determined as the error of the slope derived from the
data fit, augmented by the height of the chamber using
standard error propagation techniques, but consider-
ing the height as a constant (since the uncertainty in
the height is not known).

RESULTS

Water column characteristics

Surface and bottom water characteristics determined
at each station at the beginning of chamber deployments
are plotted in Fig. 2. Water temperature presented a
wide range of variation, from a maximum of 24°C in the
summer period to a minimum of 12°C during the winter.
During summer, higher surface temperatures were ob-
served in the northern part as a consequence of the river
discharge. Temperature differences between surface
and bottom waters were only observed during the sum-
mer, mostly at GL sites, where they reached values of up
to 6.5°C. During autumn and winter, a slight offshore-in-
shore temperature gradient was observed, decreasing
towards the coast. Salinity ranged from 33.7 to 36.7 and
was strongly influenced by the freshwater inputs coming
from land, mostly off the Guadalquivir River. These re-
sults agree with previously reported data in this sector of
the Gulf of Cádiz, which presents considerable seasonal
variations that are mainly affected by the river discharge
and the meteorological conditions (Huertas et al. 2006,
Navarro & Ruiz 2006).

Bottom water oxygen concentrations were signifi-
cantly lower during the summer than during autumn

and winter (t-test, p < 0.02), with saturation values rang-
ing from 79 to 95, 86 to 99 and 95 to 99%, respectively.

Bottom and surface waters were in all cases oversat-
urated with methane with respect to the atmosphere.
The concentration of dissolved methane in the water
column ranged from 4 to 57 nM. The highest concen-
trations were reported in BC1, located in the Bay of
Cádiz (Fig. 1), where saturations varied between 580%
and 2040%. At BC stations, the highest concentrations
were observed during the winter in surface waters,
whereas the lowest were reported in autumn. At GL
stations, the concentration of methane presented less
spatial variability but fluctuated seasonally, showing
highest concentrations during the summer and lowest
during the winter.

Sediment characteristics

Average sediment characteristics at each site are
presented in Table 1. Granulometric analysis showed
that GL stations were characterized by poorly sorted
mud or sandy mud sediments. BC sediments were also
poorly or very poorly sorted, with the coarse material
being mainly calcareous shell fragments. Grain size in
these stations varied between muddy sand in BC1,
slightly gravely muddy sand in BC2 and BC3, gravely
muddy sand in BC4 and slightly gravely sandy mud in
BC5.

The OC content in surface sediments ranged from
0.25 to 1.18% and was significantly higher at GL sta-
tions than at BC stations (t-test, p < 0.01). A good nega-
tive logarithmic correlation was observed between the
OC content and the median grain size of sediments
(r2 = 0.84). Sediment total nitrogen content (TN), rang-
ing between 0.04 and 0.18%, was also significantly
lower at BC stations than at GL stations (t-test, p <
0.01). Surface OC and TN content showed a good lin-
ear correlation (r2 = 0.96). Surface sediment C:N molar
ratios were not significantly different in GL and BC
sites, and showed average values that ranged from 7.0
to 9.5.

Benthic fluxes

Two representative examples of the time course of
dissolved oxygen, total alkalinity, inorganic carbon and
methane concentrations during a benthic chamber in-
cubation are plotted in Fig. 3. The trends in the rest of
the incubations are similar to these examples. Benthic
fluxes measured at the 9 sites in the northeastern shelf
of the Gulf of Cádiz during June 2006, November 2006
and February 2007 are plotted in Fig. 4. FTA, FDIC and
FCH4 were on all occasions directed out of the sediment,
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whereas FDO were directed into the
sediment. FDO, FTA and FDIC in BC sites
were smaller than those reported by
Forja et al. (2004), which were mea-
sured during the years 1988 and 1989
in a shallower nearby station of the in-
ner Bay of Cádiz characterized by
higher sediment organic matter con-
tent (2.65% dry wt).

Oxygen uptake rates ranged from 9
to 27 mmol m–2 d–1 and were signifi-
cantly higher at GL sites (21 ± 5 mmol
m–2 d–1; t-test, p < 0.01) than at BC sites
(15 ± 5 mmol m–2 d–1). The same pat-
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Fig. 2. Surface and bottom water characteristics at the beginning of each chamber incubation vs. distance to the coast for
(A) BC stations and (B) GL stations

Station Depth OC IC TN C:N D50

BC1 8 0.25 ± 0.01 2.70 ±0.21 0.04 ± 0.01 8.19 372
BC2 18 0.47 ± 0.15 3.04 ± 0.20 0.06 ± 0.02 8.80 61
BC3 22 0.29 ± 0.04 1.81 ± 0.14 0.03 ± 0.01 8.38 421
BC4 32 0.64 ± 0.03 3.05 ± 0.38 0.08 ± 0.01 8.83 78
BC5 22 0.75 ± 0.28 2.96 ± 0.24 0.12 ± 0.07 7.03 76
GL1 13 1.18 ± 0.25 3.50 ± 0.28 0.18 ± 0.03 7.85 12
GL2 18 0.83 ± 0.05 3.97 ± 0.07 0.11 ± 0.01 8.45 13
GL3 29 0.80 ± 0.07 3.55 ± 0.44 0.12 ± 0.01 9.45 27
GL4 34 0.93 ± 0.03 3.91 ± 0.02 0.14 ± 0.01 7.69 6.8

Table 1. Depth (m), averaged from the 3 seasons sampled of surface sediment
content of organic carbon (OC) (% dry wt), inorganic carbon (IC) (% dry wt),
total nitrogen (TN) (% dry wt), molar C:N ratio and median grain size (D50)

(µm) for each station. Values are means ±1 SD
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tern was also observed for FDIC, with average fluxes for
GL and BC stations of 41 ± 12 mmol m–2 d–1 and 28 ±
10 mmol m–2 d–1, respectively. FDIC and FTA were of sim-
ilar magnitude and presented a good linear correlation
(r2 = 0.73).

FCH4 were very variable and always positive, ranging
from 0.9 to 24 µmol m–2 d–1, although in most cases
they were below 5.5 µmol m–2 d–1. On a few occasions
during the autumn and winter surveys, exceptionally
higher methane fluxes were reported.

It should be taken into account that, due to the
shallowness of the studied sites, benthic primary

production could be significant even if
only small amounts of light reach the
sediment surface (Jahnke et al. 2000)
and, consequently, our measurements
would not integrate net benthic metabo-
lism but only respiration.

Seasonal variability

Although benthic fluxes of dissolved
inorganic carbon and oxygen were sig-
nificantly higher in the summer than in
the winter (t-test, p < 0.03), fluxes mea-
sured in autumn were not statistically dif-
ferent from those measured in summer or
winter. The spatial variability observed
among the stations was higher than the
seasonal variations. Regional averages of
benthic oxygen uptake and C mineraliza-
tion are plotted in Fig. 5 for each period
sampled. BC and GL regions show a
similar pattern, presenting higher respi-
ration rates in June compared to Novem-
ber and February. Seasonal variability
on carbon mineralization rates has been
reported in many other systems (e.g.
Hopkinson et al. 1999, Berelson et al.
2003, Forja et al. 2004, Ståhl et al. 2004a)
and may either reflect the diminution of
reaction rates, diffusion rates and faunal
activity with decreasing temperature,
and/or the differences in the inputs of
fresh organic matter, which may be
associated to phytoplankton blooms or
to changes in terrestrial inputs. This
highlights the importance of having a
seasonal coverage when studying ben-
thic mineralization. On the other hand,
no statistical seasonal differences were
observed for alkalinity and methane
fluxes.

DISCUSSION

Carbon mineralization rates

Benthic fluxes measured in situ with chambers inte-
grate the net sum of the diagenetic reactions taking
place in the sediment. Sediment oxygen uptake rate
and the production of dissolved inorganic carbon (DIC)
are generally considered as good representative mea-
surements of the total organic carbon oxidation rate
(Cox) (Anderson et al. 1986, Canfield et al. 1993, Ståhl
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et al. 2004a,b, Glud 2008). In the study site, DIC fluxes
were linearly correlated with oxygen uptake rates (r2 =
0.74). Oxygen in sediments is used for aerobic respira-
tion and for the re-oxidation of reduced inorganic
products released during anaerobic mineralization

(e.g. Mn2+, Fe2+, H2S) (Canfield et al. 1993). The reduc-
tion of sulfate, iron oxides and manganese oxides, and
the subsequent re-oxidation of Fe2+, Mn2+ and H2S by
oxygen, have the same net stoichiometry as hetero-
trophic O2 respiration (Jørgensen 1977, Canfield 1993),
which means that oxygen is consumed at the same rate
as carbon is oxidized. One exception is denitrification,
the dissimilatory nitrate reduction to inert N2 gas,
which does not affect oxygen consumption. The use of
oxygen uptake to estimate organic carbon mineraliza-
tion is based on the assumption that oxygen is con-
sumed in direct proportion to the total carbon oxidized
by both aerobic and anaerobic pathways (Canfield et
al. 1993). Therefore, oxygen uptake rates may fail to
represent total Cox when (1) denitrification is signifi-
cant, (2) a considerable fraction of the reduced sub-
stances escapes oxidation either by being liberated to
the water column or by getting buried in the sediment
(e.g. FeS) or (3) the production and oxidation of
reduced solutes are not at steady state. On the other
hand, the flux of DIC is often considered as a better
proxy of Cox as it ultimately occurs in both aerobic and
anaerobic carbon mineralization processes, with the
exception of methane formation, although it is also
influenced by the dissolution of CaCO3 (Anderson et
al. 1986). The contribution of CaCO3 dissolution to DIC
fluxes could be constrained by measuring Ca2+ benthic
fluxes, although unfortunately these data were not
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available in this study. In any case, benthic fluxes of
total alkalinity can provide an insight into the relative
importance of CaCO3 dissolution rates. The flux of
alkalinity is affected by the dissolution of CaCO3 and
some organic carbon mineralization processes, such as
the release of ammonium, denitrification, nitrification,
sulfate reduction, and manganese and iron reduction/
oxidation processes (Berelson et al. 1996, 1998, Mucci
et al. 2000). Table 2 summarizes the parameters calcu-
lated to understand carbon diagenesis in the study site.
Following the method proposed by Berelson et al.
(1996, 1998) and Hammond et al. (1999) to break down
alkalinity fluxes, these were corrected for the contribu-
tion of ammonium and net denitrification by adding
the fluxes of nitrate and nitrite and subtracting the flux
of ammonium (taken from Ferrón et al. 2009b). This
correction represented on average <5% of alkalinity
fluxes. With this adjustment, corrected alkalinity fluxes
(TAcorr) are only attributable to net sulfate reduction, to
metal reduction/oxidation processes and to the disso-
lution of CaCO3. Considering that only CaCO3 dissolu-
tion contributed to corrected alkalinity fluxes, the
upper limit for CaCO3 dissolution rates can be calcu-
lated as 1/2TAcorr flux (Table 2), given that 2 equivalents
of total alkalinity are produced per mole of CaCO3 dis-
solved (Mucci et al. 2000). Maximum CaCO3 dissolu-
tion rates ranged from 6 to 22 mmol m–2 d–1 (average

±SD, 11.3 ± 4.4 mmol m–2 d–1), accountable  on average
for 35% of DIC fluxes. This is in line with the upper
limit for the contribution of CaCO3 dissolution to DIC
fluxes (33%) calculated in sediments of a nearby salt
marsh creek of the Bay of Cádiz (Ferrón et al. 2009a).
In any case, the influence of CaCO3 dissolution on DIC
fluxes varies substantially in different coastal environ-
ments. Forja et al. (2004) calculated maximum dissolu-
tion rates to be 25 to 52% of DIC fluxes in different
coastal ecosystems of the Iberian Peninsula. In central
California Borderland sediments, Berelson et al. (1996)
found that the dissolution of CaCO3 represented
between 3 and 27% of DIC fluxes. Hammond et al.
(1999) found this contribution to be only about 5% of
DIC fluxes in sediments of the Northern Adriatic Sea,
whereas Anderson et al. (1986) found it to be <2% in
Gullmar Fjord sediments (Skagerrak/North Sea Coast).

With the available information, it was possible to
constrain the upper and lower limits of organic carbon
oxidation rates in the study site. The lower limit of Cox

was calculated by subtracting maximum CaCO3 disso-
lution rates from measured DIC fluxes, whereas the
upper limit is given by measured DIC fluxes (Table 2),
which would mean that CaCO3 dissolution is negligi-
ble. If all the TAcorr flux is attributed to sulfate reduc-
tion, the upper limit for the amount of carbon oxidized
by sulfate can be estimated, assuming the net stoi-
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Site Date TAcorr Max DIS Min Cox Max Cox Average Cox Max Cox by SO4 CRQ

BC1 17.06.06 16.50 8.25 13.15 21.40 17.27 13.53 1.49
BC2 18.06.06 32.90 16.45 27.11 43.56 35.34 26.98 1.90
BC3 19.06.06 15.39 7.70 20.00 27.70 23.85 12.62 1.32
BC4 20.06.06 37.72 18.86 24.69 43.55 34.12 30.93 1.38
BC5 21.06.06 21.42 10.71 37.66 48.37 43.02 17.57 1.79
GL2 24.06.06 36.53 18.26 29.37 47.64 38.50 29.95 1.84
GL3 26.06.06 44.98 22.49 35.01 57.50 46.25 36.88 1.71
GL4 27.06.06 24.17 12.08 30.90 42.98 36.94 19.82 1.59
BC1 19.11.06 13.75 6.87 11.52 18.39 14.96 11.27 0.93
BC2 20.11.06 15.08 7.54 13.03 20.57 16.80 12.37 1.13
BC3 21.11.06 12.10 6.05 14.33 20.38 17.35 9.92 1.53
BC4 22.11.06 11.68 5.84 18.06 23.89 20.97 9.57 2.07
BC5 23.11.06 32.96 16.48 18.11 34.59 26.35 27.03 1.63
GL1 29.11.06 22.19 11.09 30.62 41.71 36.16 18.19 1.35
GL2 28.11.06 31.17 15.59 37.46 53.05 45.26 25.56 1.91
GL3 27.11.06 13.32 6.66 16.40 23.06 19.73 10.92 1.45
GL4 26.11.06 21.52 10.76 20.54 31.30 25.92 17.65 1.16
BC1 31.01.07 21.45 10.72 16.15 26.88 21.51 17.59 1.25
BC2 01.02.07 21.68 10.84 11.66 22.50 17.08 17.78 1.33
BC3 02.02.07 17.47 8.74 9.57 18.31 13.94 14.33 1.61
BC4 03.02.07 15.15 7.57 13.80 21.37 17.59 12.42 1.42
BC5 04.02.07 18.83 9.42 17.31 26.72 22.02 15.44 1.78
GL1 06.02.07 26.49 13.25 37.98 51.22 44.60 21.72 1.89
GL2 07.02.07 21.11 10.56 22.32 32.87 27.59 17.31 2.11
GL3 08.02.07 20.43 10.21 18.26 28.47 23.37 16.75 1.35

Table 2. Date of sampling (d/mo/yr), corrected alkalinity fluxes (TAcorr) and estimated maximum CaCO3 dissolution rates
(Max DIS); minimum, maximum and average carbon oxidation rates (Cox), maximum carbon oxidized by net sulfate reduction

and Community Respiration Quotient (CRQ = Cox/FDO) for each station. Rate units are in mmol C m–2 d–1
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chiometry for the reaction of sulfate reduction in the
presence of iron-oxyhydroxides (Fe(OH)3), with an
average organic matter oxidation state of 0 and given
the measured C:N ratio (Hammond et al. 1999). The
maximum net sulfate reduction rates estimated this
way ranged from 10 to 37 mmol C m–2 d–1, accountable
on average for 58% of DIC fluxes, which is very much
in line with what Ferrón et al. (2009a) estimated for
nearby salt marsh sediments of the Bay of Cádiz.

The upper and lower limits for Cox were in all cases
within ±30% of their average. Thus, the averages of the
maximum and minimum Cox values were considered as
the most likely estimate of carbon mineralization, rang-
ing from 14 to 46 mmol C m–2 d–1. These values are
within the range of carbon mineralization rates reported
in the literature for other coastal environments (Canfield
et al. 1993, Thamdrup & Canfield 1996, Berelson et al.
1998, 2002, 2003, Hopkinson et al. 2001, Ståhl et al.
2004a). Similarly to DIC fluxes and oxygen uptake rates,
Cox rates were significantly higher in the summer than in
the winter (t-test, p <  0.05), whereas Cox rates in autumn
were not statistically different from summer and winter.

Although Cox rates were generally higher than benthic
oxygen uptake rates, these 2 parameters were linearly
correlated (r2 = 0.74), which seems to indicate a coupling
between anaerobic mineralization and the re-oxidation
of reduced inorganic compounds. The Cox:FDO ratios can
be used to evaluate to what extent the production and
oxidation of reduced anaerobic compounds are at a
steady state and balanced at the time of investiga-
tion (Anderson et al. 1986, Glud 2008). However, the
Cox:FDO ratio is also determined by the composition of
the organic matter that is being remineralized and by the
end products of the mineralization process (Anderson et
al. 1986). Assuming that a Cox:FDO ratio equal to 1 indi-
cates a steady state situation where anaerobic mineral-
ization and the re-oxidation of reduced metabolites oc-
cur simultaneously, the Cox:FDO ratios measured in the
Gulf of Cádiz, which ranged on average from 0.9 to 2.1
(means ± SD: 1.6 ± 0.3), indicate that anaerobic mineral-
ization is important and that there is a significant storage
of reduced compounds over an annual period. The
Cox:FDO ratios measured in the Gulf of Cádiz are within
the range reported in other coastal environments
(Anderson et al. 1986, Forja et al. 2004, Ståhl et al.
2004a). Although the Cox:FDO ratios can vary widely on
a seasonal basis (Glud 2008), we found no significant
differences between the seasons sampled.

Controls on organic matter mineralization

Organic matter mineralization was more intense in
GL sites compared to BC sites (t-test, p < 0.01), and
showed an average Cox of 23 ± 5 mmol C m–2 d–1 in the

GL region and 35 ± 5 mmol C m–2 in the BC region.
Fig. 6a shows annually averaged carbon oxidation
rates estimated for each sampling. Average FDIC, FDO

and Cox for each site were found to be strongly corre-
lated with the organic carbon content of surface sedi-
ments (r2 = 0.88, r2 = 0.89 and r2 = 0.90, respectively)
(Fig. 6b). This pattern has been previously observed by
other authors (e.g. Forja et al. 2004, Lansard et al.
2008) and suggests a dependence of carbon remineral-
ization rates on the quantity of organic matter in sur-
face sediments. Sedimentary organic matter consists of
a mixture of more or less degradable fractions, and it is
well established that one important factor controlling
carbon oxidation rates is the quality (rather than the
quantity) of the organic matter being mineralized
(Arnosti & Holmer 2003, Ståhl et al. 2004a). However,
in this study we did not observe any correlation be-
tween average FDIC, FDO and Cox rates and average
sediment C:N molar ratios. In contrast, Ståhl et al.
(2004a,b) found significant relationships between
organic carbon recycling rates and labile material (e.g.
phytodetritus), whereas they observed no relationship
between Cox and bulk sediment organic matter con-
tent. This discrepancy may indicate that the fraction of
bulk organic carbon that is labile must be similar in all
stations sampled, and also that the sediment C:N molar
ratio may not be a good indicator in the study site of the
quality of organic matter.

77

A

0
BC1 BC2 BC3 BC4 BC5 GL1 GL2 GL3 GL4

20

40

60

B

Organic carbon (% dw)

C
o

x
 (
m

m
o

l 
m

–
2
 d

–
1
)

0
0.2 0.4 0.6 0.8 1.0 1.2 

20

40

60

Fig. 6. (A) Annually averaged carbon oxidation rates (Cox)
(±SD) at each sampling site and (B) relationship between
annually averaged Cox (±SD) at each sampling site and 

surface sediment organic carbon content (r2 = 0.90)



Mar Ecol Prog Ser 392: 69–80, 2009

As noted before, the seasonal variability in fluxes
seemed to be less important than the region’s own spa-
tial variability, the latter presumably due to different
sediment characteristics (e.g. organic carbon, C:N
ratios, granulometries).

Dissolved methane benthic fluxes

In addition to the oxidative pathways of C mineraliza-
tion, methanogenesis takes place in marine sediments
preferentially via CO2 reduction, since acetate is gener-
ally depleted by sulfate reducers (Reeburgh 2007) and
thus represents a sink of dissolved inorganic carbon.
Methanogenesis normally occurs after the sulfate pool
has been exhausted, as sulfate-reducing bacteria com-
pete with methanogens for the same substrates
(Martens & Berner 1974). The fluxes of CH4 across the
sediment-water interface are then controlled by the
transport of produced CH4 to the sediment surface,
which can be through molecular diffusion and/or bub-
ble ebullition. Nearly all the CH4 produced is oxidized
anaerobically coupled to sulfate reduction (Valentine
2002), following the given reaction:

CH4 + SO4
2– → HCO3– + HS– + H2O

There are few documented measurements of net
benthic CH4 fluxes and, although some authors have
pointed out the importance of marine sediments in at-
mospheric CH4 emissions from coastal systems (Upstill-
Goddard et al. 2000, Sansonse et al. 2004, Bange 2006),
their quantitative contribution still remains unknown.

On the northeastern shelf of the Gulf of Cádiz, ben-
thic dissolved CH4 fluxes were always observable but
relatively low, generally <10 µmol m–2 d–1, except for a
few occasions on which fluxes reached higher values
of up to 24 µmol m–2 d–1. Average CH4 flux (5 ± 4 µmol
CH4 m–2 d–1) represented on average only 0.02% of the
dissolved inorganic carbon flux derived from organic
matter oxidation, which is in good agreement with pre-
vious results obtained in a shallow tidal creek located
in the salt marsh area of the Bay of Cádiz (Ferrón et al.
2009a). The amount of methane that escapes to the
water column can hence be neglected when using DIC
fluxes as a proxy of carbon mineralization rates. How-
ever, although benthic CH4 fluxes are negligible in
terms of C mineralization, they potentially represent a
considerable source of biogenic CH4 to bottom waters
in the study site (Ferrón et al. in press).

CONCLUSIONS

The annually averaged carbon oxidation rate for the
entire study site was 28 ± 8 mmol C m–2 d–1. BC sites

showed lower respiration rates compared to GL sites,
with average Cox of 23 ± 5 mmol C m–2 d–1 for the for-
mer and 35 ± 5 mmol C m–2 for the latter site. The
upper limit for CaCO3 dissolution rates represents on
average 35% of measured DIC fluxes. The average
Cox:FDO ratio for the entire study site was 1.6 ± 0.3,
which indicates the importance of anaerobic mineral-
ization processes and the storage of reduced metabo-
lites. Carbon oxidation rates in the study site were
mostly influenced by the organic carbon content of sur-
face sediments, as reflected by the good linear rela-
tionship observed between both parameters (r2 = 0.90).

Sediments were in all cases a source of CH4 to the
water column and, although benthic fluxes of this bio-
gas represented in all cases a negligible fraction of DIC
fluxes, they could potentially be a considerable source
of biogenic CH4 to bottom waters.

It is important to note that, whereas benthic oxygen
uptake is often considered as a good representative
measurement of organic carbon mineralization since it
accounts for both aerobic respiration and the oxidation
of reduced products derived from anaerobic mineral-
ization, it may underestimate carbon mineralization
rates as it does not account for denitrification and for
the storage of reduced compounds or their possible
release to the water column prior to oxidation. There-
fore, a combination of both dissolved oxygen and dis-
solved inorganic carbon flux measurements is desir-
able when studying benthic respiration processes.

Acknowledgements. The authors thank the crew of the RV
‘Mytilus’ for their valuable assistance during the cruises, Dr.
C. G. Castro, from the Department of Oceanography of the
Instituto de Investigacións Mariñas de Vigo (CSIC), for her
technical support and S. Smith for language correction. The
manuscript benefited from the comments provided by 2
anonymous reviewers. This work was supported by the Span-
ish CICYT (Spanish Commission for Research and Develop-
ment) under contract CTM2005-01364/MAR. S.F. was funded
by a grant from the Spanish MECD.

LITERATURE CITED

Alongi DM, Pfizner J, Trott LA, Tirendi F, Dixon P, Flumpp
DW (2005) Rapid sediment accumulation and microbial
mineralization in forests of the mangrove Kandelia candel
in the Jiulongjiang Estuary, China. Estuar Coast Shelf Sci
63:605–618 

Alongi DM, Trott LA, Pfitzner J (2007) Deposition, mineraliza-
tion, and storage of carbon and nitrogen in sediments of
the far northern and northern Great Barrier Reef shelf.
Cont Shelf Res 27:2595–2622 

Anderson LG, Hall POJ, Iverfeldt Å, Rutgers van der Loeff
MM, Sundby B, Westerlund SFG (1986) Benthic respira-
tion measured by total carbonate production. Limnol
Oceanogr 31:319–329

Arnosti C, Holmer M (2003) Carbon cycling in a continental
margin sediment: contrasts between organic matter char-

78



Ferrón et al.: Benthic respiration in the Gulf of Cadiz

acteristics and remineralization rates and pathways.
Estuar Coast Shelf Sci 58:197–208 

Bange HW (2006) Nitrous oxide and methane in European
coastal waters. Estuar Coast Shelf Sci 70:361–374 

Barnes J, Ramesh R, Purjava R, Nirmal Rajkumar A and oth-
ers (2006) Tidal dynamics and rainfall control N2O and
CH4 emissions from a pristine mangrove creek. Geophys
Res Lett 33:L15405. doi:10.1029/2006GL026829 

Berelson WM, McManus J, Coale KH, Johnson KS, Kilgore T,
Burdige D, Pilskan C (1996) Biogenic matter diagenesis on
the sea floor: a comparison between two continental mar-
gins. J Mar Res 54:731–762 

Berelson WM, Reggie D, Longmore A, Kilgore T, Nichol-
son G, Skyring G (1998) Benthic nutrient recycling in
Port Phillip Bay, Australia. Estuar Coast Shelf Sci 46:
917–934 

Berelson WM, Johnson K, Coale K, Li HC (2002) Organic mat-
ter diagenesis in the sediments of the San Pedro Shelf
along a transect affected by sewage effluent. Cont Shelf
Res 22:1101–1115 

Berelson WM, McManus J, Coale KH, Johnson KS and others
(2003) A time series of benthic flux measurements from
Monterey Bay, CA. Cont Shelf Res 23:457–481 

Blott SJ, Pye K (2001) GRADISTAT: a grain size distribution
and statistics package for the analysis of unconsolidated
sediments. Earth Surf Process Landf 26:1237–1248 

Canfield DE (1993) Organic matter oxidation in marine sedi-
ments. In: Wollast R, Chou L, Mackenzie F (eds) Interac-
tions of C, N, P and S Biogeochemical Cycles. ATO-ARW.
Springer, Berlin, p 333–363

Canfield DE, Jørgensen BB, Fossing H, Glud R and others
(1993) Pathways of organic carbon oxidation in three con-
tinental margin sediments. Mar Geol 113:27–40 

de Haas H, van Weering TCE, de Stieger H (2002) Organic
carbon in shelf seas: sinks or sources, processes and prod-
ucts. Cont Shelf Res 22:691–717 

Dickson AG (1990) Standard potential of the reaction: AgCl(s)
+ 1/2 H2(g) = Ag(s) + HCl(aq), and the standard acidity con-
stant of the ion HSO4

– in synthetic sea water from 273.15 to
318.15 K. J Chem Thermodyn 22:113–127 

El Rayis OA (1985) Re-assessment of the titration methods for
determination of organic carbon in recent sediments. Rapp
Comm Int Mer Medit 29:45–47

Ferrón S, Alonso-Pérez F, Castro CG, Ortega T and others
(2008) Hydrodynamic characterization and performance
of an autonomous benthic chamber for use in coastal sys-
tems. Limnol Oceanogr Methods 6:558–571

Ferrón S, Ortega T, Forja JM (2009a) Benthic fluxes in a tidal
salt marsh creek affected by fish farm activities: Río San
Pedro (Bay of Cádiz, Spain). Mar Chem 113:50–62 

Ferrón S, Alonso-Pérez F, Anfuso E, Murillo FJ, Ortega T,
Castro CG, Forja JM (2009b) Benthic nutrient recycling on
the northeastern shelf of the Gulf of Cádiz (SW Iberian
Peninsula). Mar Ecol Prog Ser 390:79–95

Ferrón S, Ortega T, Forja JM (in press) Temporal and spatial
variability in the north-eastern shelf of the Gulf of Cádiz
(SW Iberian Peninsula). J Sea Res

Forja JM, Ortega T, DelValls TA, Gómez-Parra A (2004) Ben-
thic fluxes of inorganic carbon in shallow coastal ecosys-
tems of the Iberian Peninsula. Mar Chem 85:141–156 

García-Lafuente J, Ruiz J (2007) The Gulf of Cádiz pelagic
ecosystem: a review. Prog Oceanogr 74:228–251 

Gaudette HE, Flight WR, Torner L, Folger DW (1974) An inex-
pensive titration method for the determination of organic
carbon in recent sediments. J Sedim Petrol 44:249–253

Glud RN (2008) Oxygen dynamics of marine sediments. Mar
Biol Res 4:243–289 

Gutiérrez-Mas JM, Moral JP, Sánchez A, Dominguez S,
Muñoz-Perez JJ (2003) Multicycle sediments on the conti-
nental shelf of Cádiz (SW Spain). Estuar Coast Shelf Sci
57:667–677 

Hammond DE, Giordani P, Berelson WM, Poletti R (1999) Diage-
nesis of carbon and nutrients and benthic exchange in sedi-
ments of the Northern Adriatic Sea. Mar Chem 66:53–79 

Hopkinson CS, Giblin AE, Tucker J, Garritt RH (1999) Benthic
metabolism and nutrient cycling along an estuarine salin-
ity gradient. Estuaries 22:863–881 

Hopkinson CS Jr, Giblin AE, Tucker J (2001) Benthic metabo-
lism and nutrient regeneration on the continental shelf of
Eastern Massachusetts, USA. Mar Ecol Prog Ser 224:1–19 

Huertas IE, Navarro G, Rodríguez-Gálvez S, Lubián LM
(2006) Temporal patterns of carbon dioxide in relation to
hydrological conditions and primary production in the
northeastern shelf of the Gulf of Cádiz (SW Spain). Deep-
Sea Res II 53:1344–1362 

Jahnke RA, Nelson JR, Marinelli RL, Eckman JE (2000) Ben-
thic flux of biogenic elements on the Southeastern US con-
tinental shelf: influence of pore water advective transport
and benthic microalgae. Cont Shelf Res 20:109–127 

Jahnke R, Richards M, Nelson J, Robertson C, Rao A, Jahnke
D (2005) Organic matter remineralization and porewater
exchange rates in permeable South Atlantic Bight conti-
nental shelf sediments. Cont Shelf Res 25:1433–1452 

Jørgensen BB (1977) The sulfur cycle of a coastal marine sedi-
ment (Limfjorden, Denmark). Limnol Oceanogr 22:814–832

Jørgensen BB (1982) Ecology of the bacteria of the sulphur
cycle with special reference to the anoxic-oxic interface
environments. Philos Trans R Soc Lond B 298:543–561 

Lansard B, Rabouille C, Denis L, Grenz C (2008) in situ oxy-
gen uptake rates by coastal sediments under the influence
of the Rhône River (NW Mediterranean Sea). Cont Shelf
Res 28:1501–1510 

Lobo FJ, Sánchez R, González R, Dias JMA, Hernández-
Molina FJ, Fernández-Salas LM, Díaz Del Río V, Mendes I
(2004) Contrasting styles of the Holocene highstand sedi-
mentation and sediment dispersal systems in the northern
shelf of the Gulf of Cádiz. Cont Shelf Res 24:461–482 

Lueker TJ, Dickson AG, Keeling CD (2000) Ocean pCO2 cal-
culated from dissolved inorganic carbon, alkalinity, and
equations for k1 and k2: validation based on laboratory
measurements of CO2 in gas and seawater at equilibrium.
Mar Chem 70:105–119 

Martens CS, Berner RA (1974) Methane production in the
interstitial waters of sulfate depleted marine sediments.
Science 185:1167–1169 

Mucci A, Sundby B, Gehlen M, Arakaki T, Zhong S, Silver-
berg N (2000) The fate of carbon in continental shelf sedi-
ments of eastern Canada: a case of study. Deep-Sea Res II
47:733–760 

Navarro G, Ruiz J (2006) Spatial and temporal variability of
phytoplankton in the Gulf of Cádiz through remote sens-
ing images. Deep-Sea Res II 53:1241–1260 

Navarro G, Ruiz J, Huertas IE, García CM, Criado-
Aldeanueva F, Echevarría F (2006) Basin-scale structures
governing the position of the deep fluorescence maximum
in the Gulf of Cádiz. Deep-Sea Res II 53:1261–1281 

Ortega T, Ponce R, Forja JM, Gomez-Parra A (2008) Benthic
fluxes of dissolved inorganic carbon in the Tinto-Odiel
system (SW of Spain). Cont Shelf Res 28:458–469 

Reeburgh WS (2007) Oceanic methane biogeochemistry.
Chem Rev 107:486–513 

Revsbech NP, Sørensen J, Blackburn TH, Lomholt JP (1980)
Distribution of oxygen in marine sediments measured with
a microelectrode. Limnol Oceanogr 25:403–411

79



Mar Ecol Prog Ser 392: 69–80, 2009

Sansonse FJ, Graham AW, Berelson WM (2004) Methane
along the western Mexican margin. Limnol Oceanogr 49:
2242–2255

Ståhl H, Tengberg A, Brunnegård J, Bjørnbom E and others
(2004a) Factors influencing organic carbon recycling and
burial in Skagerrak sediments. J Mar Res 62:867–907 

Ståhl H, Hall POJ, Tengberg A, Josefson A, Streftaris N, Zene-
tos A, Karageorgis AP (2004b) Respiration and sequestering
of organic carbon in shelf sediments of the oligotrophic
northern Aegean Sea. Mar Ecol Prog Ser 269:33–48 

Thamdrup B, Canfield DE (1996) Pathways of carbon oxida-
tion in continental margin sediments off central Chile.
Limnol Oceanogr 41:1629–1650

Upstill-Goddard RC, Barnes J, Frost T, Punshon S, Owens
NJP (2000) Methane in the southern North Sea: low-salin-
ity inputs, estuarine removal, and atmospheric flux.
Global Biogeochem Cycles 14:1205–1217 

Valentine DL (2002) Biogeochemistry and microbial ecology
of methane oxidation in anoxic environments: a review.
Antonie Van Leeuwenhoek 81:271–282 

Van Geen A, Adkins JF, Boyle EA, Nelson CH, Palanques A
(1997) A 120 yr record of widespread contamination from
mining of the Iberian pyrite belt. Geology 25:291–294 

Vargas JM, Garciá-Lafuente J, Delgado J, Criado F (2003)
Seasonal and wind-induced variability of Sea Surface
Temperature patterns in the Gulf of Cádiz. J Mar Syst 38:
205–219 

Wiesenburg DA, Guinasso NL (1979) Equilibrium solubilities
of methane, carbon monoxide, and hydrogen in water and
seawater. J Chem Eng Data 24:356–360 

Wollast R (2002) Continental margins: review of geochemical
settings. In: Wefer G, Billet D, Hebbeln D, Jørgensen BB,
Schlüter M, van Weering TCE (ed) Ocean margin systems.
Springer-Verlag, Berlin, p 15–31

80

Editorial responsibility: Ronald Kiene,
Mobile, Alabama, USA

Submitted: August 25, 2008; Accepted: July 18, 2009
Proofs received from author(s): October 12, 2009


	cite1: 
	cite2: 
	cite4: 
	cite5: 
	cite6: 
	cite7: 
	cite8: 
	cite9: 
	cite10: 
	cite11: 
	cite12: 
	cite13: 
	cite14: 
	cite16: 
	cite17: 
	cite18: 
	cite19: 
	cite20: 
	cite21: 
	cite22: 
	cite23: 
	cite24: 
	cite25: 
	cite26: 
	cite27: 
	cite28: 
	cite29: 
	cite30: 
	cite31: 
	cite32: 
	cite33: 
	cite34: 
	cite35: 
	cite36: 
	cite37: 
	cite38: 
	cite39: 
	cite40: 
	cite41: 
	cite42: 
	cite43: 
	cite44: 
	cite45: 
	cite46: 
	cite3: 


